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We investigated the quantum gates of coupled quantum 
dots, theoretically, when charging effects can be observed. We 
have shown that the charged states in the qubits can be ob- 
served by the channel current of the MOSFET structure. 



I. INTRODUCTION 

Since Shor's factorization program was proposed, 
many studies have been carried out in order to real- 
ize the quantum computer 0-^]. Nakamura succeeded 
in the control of the macroscopic quantum state as the 
solid devices of Josephson junctions 0]. Recently, we 
have proposed the quantum computer in the asymmet- 
ric coupled dot in Si nanocrystals [pi. The advantage of 
using the coupled dots attached by the gate electrode is 
that a quantum state can be controlled by the gate volt- 
age in the solid circuits. Moreover, when the coupled Si 
quantum dots are embedded in the gate insulator of the 
MOSFET ||,(?]], the quantum state in the two coupled 
dots (qubits) is expected to be detected by the channel 
current. In the previous paper ||, we investigated the 
case where the sizes of Si nanocystals were small such 
that the energy-levels in the quantum dots were discrete 
and the two-state system was constituted by the lowest 
energy-levels of the two quantum dots. Here, in this pa- 
per, we consider the case where the sizes of the quantum 
dots are larger (of the order of a few tens of nm) and the 
energy-levels of the individual quantum dots are almost 
continuous We also assume that the charging en- 
ergy of each tunneling junction is large enough that the 
Coulomb blockade effects can be seen. This was realized 
in the quantum gate of the Josephson junction by Shnir- 
man §] and Averin @. The superconducting state has 
the advantage from the viewpoint of the decoherence that 
the qubits are connected by the coherent circuits. On the 
other hand, we use the normal state of the capacitively 
coupled quantum dots, because there exist some predic- 
tions that the decoherence time in the normal quantum 
dot array in semiconductors is not expected to be so short 
JTo| ]. First, in this paper, we show that the capacitively 
coupled dots can be reduced to a two-state system of in- 
teracting two qubits. Next, we show the detecting mech- 
anism of the quantum state by the channel current based 
on the conventional MOSFET model. Asymmetry of the 
coupled dots is not assumed and we set e=l. 



II. CAPACITIVELY COUPLED QUANTUM 
DOTS AS TWO QUBITS 

The configuration of the quantum dots and capaci- 
tances are shown in Fig.[j]. We assume that the coupling 
between qubits is weaker than that in a qubit(The full 
formation of the electrostatic energy is shown in the Ap- 
pendix), and we take 

Ci = C 2 -V2C 3 =V2C 4 « C 5 (=C 8 ), C 6 (=C 9 ),C 7 (=C 10 ). 

(1) 

By this assumption, we can expand the charging energy 
as a function of n a = Na — Nb and n b = Ac — N-£> 
(N = N A + N B = N c + N D ), by a small C 3 , and obtain 
the electrostatic energy: 
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If we consider the gate voltage region where the electro- 
static energy of rij — Q(j = a, b) state crosses that of 
rij = 1 state described by Shnirman || and Averin ||, 
the electrostatic energy and the tunneling amplitude, Clj, 
constitute the Hamiltonian of the two-state system as 



H = {tj(J Z j + fljcr X j) - (y/4:)o- za cr zb 

j=a,b 



(4) 



where e a - E c (l/2 + [(C 7 - C b )N - 2C 5 C 7 V a ]/(C 5 + C 7 )) 
and e b = E c {l/2 + [(C 7 - C 5 )N - 2C 5 C 7 V b ]/(C 5 + C 7 )). 
a x and a z are Pauli matrices. When the capacitances are 
approximated as Ci = 2we OK r 2 / (di + (e xAsi) r ) where 
e ox = 4, esi = 12, rfj is the size of the capacitance and r 
is the radius of each quantum dot, then V a ,V b is of the 
order of tens of meV. 

The mechanism of the controlled NOT operation is 
similar to that of the Josephson junction Whether 
nb = or n b = 1, the level-crossing gate voltage, V a , 
shifts (see Eq.(|^) and the controlled NOT operation is 
realized. 

The dynamical motion of the excess charge in the 
two-state system can be easily considered by solving 



1 



the time-dependent Schrodinger equation [[TlJ, and the 
excess charge shows the oscillating behavior depend- 
ing on the energy of the two states. The time period 
of the oscillation, tj, can be simply approximated as 
T S ~ h/y/fl 2 + (e a - e 6 )/4. 



III. DISSIPATION BY ENVIRONMENTAL 
PHONONS 

The polarized charged state of a qubit (coupled dots) 
behaves as the dipole moment under the electric field 
generated by the gate electrode. By the coupling of 
the dipole with the electric field, the two-state system 
can be described by the Bloch equation and the quan- 
tum calculation is realized similar to the NMR quantum 
computer It is well known that the one of the at- 
tractive characteristics of the NMR quantum computer 
is its long decoherence time. Here, we comment on the 
decoherence time of the semiconductor dot array. The 
decoherence time in semiconductor dot array has been 
considered to be short. This is the reason why Shnirman 
H and Averin || used the Josephson effects in quantum 
gates. The decoherence in this case is considered mainly 
to originate from the phonon environments, where the in- 
teraction between the two-state system and the phonon 
bath is largely given by a deformation potential . The 
estimated decoherence time is not so short and of the or- 
der of 10 -7 secfrom the analysis based on the model of 
Leggett |Dj| ]. This relatively long decoherence time will 
be related to the 'phonon bottleneck' derived by Zanardi 
p0| . We will have to include the effects of the higher 
excited energy-levels and temperature for more detailed 
estimation. 
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where (3q = Z fj, C'o/ Li (Z is the channel width, fi Q is the 
mobility, Li is the channel length of z-th qubit where we 
set L\ = L2 = ■ ■ ■ = Ln, and Co is the capacitance of the 
Si0 2 ) and a = 1+4^ cf" wnere Qb is the charge within 
the surface depletion region. Vg is the gate voltage, and 
the threshold voltage, V t ^\ is given by V$ = V %h +&V$ 
where Vth = Vfb + 2</?b + ^ (Vfb is a flat band voltage, 
is the potential difference between the Fermi level and 
the intrinsic Fermi level of substrate), and the shift by 
the change of the charge distribution, AVl^ in the i-th 
qubit. Then, we have the following conditions: 



Vn = Vds and I 
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In the case of two qubits, with Va — V G ^ — vj^ (Vg< ^ 
Vd is assumed), 
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Thus, whether (V G1 = V g - AVth and V G2 = V g ) or 
(Vqi — V g and Vg2 = V g — A Vth ), the difference of the 
corresponding currents, A/[^ is given as 
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This difference can be observed in the nonlinear Id-Vd 
region and, in the pure linear region where the terms 
which include a disappear, the changed qubits cannot be 
distinguished. 



IV. MEASUREMENT MECHANISM IN MOSFET 



V. CONCLUSIONS 



The qubit which changes the charge distribution can 
be detected by the MOSFET structure. MOSFET struc- 
ture H is considered to be a more efficient detecting 
devise in semiconductor quantum dots compared to the 
SET structure pl[ |. This is due to the change in the 
charge distribution in the qubit being detected by the 
capacitance effects similar to those of the quantum point 
contact 15 ,ll|. In this section, we show the detailed 
detecting mechanism of the MOSFET based on the long- 
channel MOSFET model in the case of two qubits. The 
qubit system in the MOSFET proposed here can be seen 
as series of single coupled-dot MOSFETs (Fig.||). When 
bias, Vd, is applied between the source and drain, the 
depletion region expands from the source and drain such 
that the width of the depletion region increases toward 
the drain. Thus, the channel current differs depending 
on the positions of the qubits which change the charge 
distribution. The channel current between the i-th qubit 
and (i— l)-th qubit is given for a small Vd region as Jl7| , 



We have investigated the quantum gates of the capaci- 
tively coupled quantum dot array in the MOSFET struc- 
ture, and have derived the two-state Hamiltonian by the 
capacitances of the quantum dots. We also have shown 
the detecting mechanism of the MOSFET structure by 
analyzing the channel current based on the conventional 
MOSFET model. 
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APPENDIX A: THE ELECTROSTATIC ENERGY 
OF THE TWO QUBITS 

In this section we show the electrostatic energy of the 
two qubits in terms of the capacitances of dots and the 
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gate electrodes (Fig. ||) |J|n| . We assume C% — C 2 = 
V2C 3 = \/2C 4 , C 8 = C 5 , C 9 = C 6 and C w = C 7 . The 
total electrostatic energy of the two qubits is given by 



U 



i=l,...,10 



2C, 



qiV a - q w V b , 



(Al) 



where qi shows the charge of the i-th capacitance and we 
have the relation between qi(i — 1,2. ..10) and the total 
charge of the fore dots, Na, ...,iVD as 



N A = q 1 +q 3 +q 5 +q 6 , 
-N c =-qi-q4 + q8 + Q9, 



-^ = 92 + 94-95 + 97: 

- N B =-q 2 - 93 - 99 +9io ■ 



[19] C. Livermore et al, Science 274, 1332 (1996). 
FIG. 1. Two coupled qubits by the quantum coupled dots. 



FIG. 2. An example of the N coupled dot system of quan- 
tum computing. Dots are coupled in the longitudinal direc- 
tion. The electron transfer in the lateral direction is assumed 
to be negligible. The FET channel structure enables the de- 
tection of the small signal of the charge distribution in coupled 
quantum dots. 



By minimizing the energy Eq.(Al) at the fixed values of 
V a , Vb and Na—Nb, we have 
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Ca — C3+C5+C6, Cb — C 3 +C§+C 7 , 
C c = qC 3 +C 5 +C 6 , C d = qC 3 +C 6 +C 7 , 

and V ± = V a ± V b , l/C a = (C 5 + C 7 )/((C 5 + C 7 )(C 3 + 
C 6 ) + C 5 C 7 ), 1/C b = [C 5 + C 7 + 2(g + 1)C 3 ]/[(C 5 +C 6 + 
VC 3 )(C 6 + C 7 + Q C 3 ) - (C 6 - C 3 ) 2 ] and e = 2y/2 + l. 
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